The inner shelf sediments of the East China Sea (ECS) preserve valuable information regarding climatic changes on land through detrital material discharged from large rivers, particularly the Yangtze River. In this paper, we examine the provenance changes of fine-grained detrital quartz preserved in the sediment of the MD06-3040 core retrieved from the mud belt on the inner shelf of the ECS during the last 6 kyrs. The provenance of the fine silt fraction (4-16 μm) of the sediments, which is considered to represent the suspended particulate matter (SPM) from the Yangtze River, is estimated based on the electron spin resonance (ESR) signal intensity and crystallinity index (CI) of quartz. By comparing the ESR signal intensity and CI of quartz in the fine silt fraction of sediments to those from different parts of tributaries in the modern Yangtze River drainage, we can discriminate the SPM sourced from the northwestern and southeastern tributaries of the Yangtze River. Shifts in the East Asian summer monsoon (EASM) front are monitored by changes in the main precipitation areas which are manifested as changes in source rock ages and types implied from the ESR signal intensity and CI of quartz in the fine silt fraction of the studied sediments discharged from the Yangtze River. Temporal changes in provenance of the fine silt fraction through time suggest that shifts in the main location of EASM precipitation (most likely representing the EASM front) occurred at a multi-centennial-to-millennial scale with the deepest northwestward penetration of the EASM precipitation front (an enhanced EASM) occurring during the period 3.5-2.0 kyr BP and a southeastward retreat (a weak EASM) occurring during the periods 6.0-4.1 and 2.0-0 kyr BP.
Introduction
The East Asian summer monsoon (EASM) is a distinctive component of the Asian climatic system due to unique orographic forcing and huge thermal contrast between the world's largest continent, Eurasia, and the largest ocean, the Pacific (Zhou et al. 2009 ). It is also strongly influenced by the world's highest land feature, the Tibetan Plateau (Wang and Lin 2002; Ding and Chan 2005; Tada et al. 2016) . Meteorological data suggest that modern EASM precipitation shows significant spatiotemporal variability in eastern and southern China at a seasonal timescale, which has been attributed to the seasonal northwestward migration of its precipitation front (Zhang et al. 2008; Yim et al. 2014; Tada et al. 2016) . Comparison of the observational precipitation amount to the strength of convection over East Asia suggests that summer precipitation increases (decreases) in North China and decreases (increases) in South China when convection over East Asia strengthens (weakens) Ding and Chan 2005) . As the trend of precipitation derived from observational data represents a limited length of time and spatial extent, the main purpose of this study was to reconstruct spatiotemporal variations of the main location of EASM precipitation within the Yangtze River drainage during the middle and late Holocene.
Among various monsoon proxy records, oxygen isotope records of stalagmites (δ 18 O c ) from South China have been widely used because of the precise dating of the records using U-series method and its quantitative nature with high time resolution (Wang et al. , 2005 Hu et al. 2008; Cheng et al. 2006) . Early works interpret stalagmite δ 18 O signals as representing changes in the summer/winter precipitation ratio whereas later works interpret it as a proxy for regional precipitation of the EASM, with higher EASM precipitation corresponding to depleted (more negative) δ 18 O c (Wang et al. 2005) . Namely, shifts in δ 18 O c largely reflect changes in the oxygen isotope ratio of precipitation (δ 18 O p ) at the site, which in turn reflect changes in the amount of precipitation (the so-called amount effect) and thus characterize the EASM precipitation intensity (Wang et al. 2005 ). However, these interpretations have been recently questioned. For example, Maher and Thompson (2012) suggested that changes in the oxygen isotope ratio of these stalagmites in South China do not necessarily represent the amount effect but rather represent changes in the source of water vapors. Furthermore, when stalagmites occur along the edge of monsoonal belts, their oxygen isotope ratios could be impacted by both the EASM and Indian summer monsoon (ISM). One needs to carefully consider regional, geographical, and seasonal effects and in particular consider the amount-weighted δ 18 O (Maher 2008; Maher and Thompson 2012) .
By using the δ 18 O and Mg/Ca of planktonic foraminifera, Kubota et al. (2010 Kubota et al. ( , 2015 Kubota et al. ( , 2019 reconstructed the δ 18 O of surface water (δ 18 O sw ) in the northern East China Sea (ECS), which is an indirect indicator of the sea surface salinity (SSS). Using the relationship between the SSS in the northern ECS and the Yangtze River discharge during summer, Kubota et al. (2010 Kubota et al. ( , 2015 reconstructed temporal changes in the Yangtze River summer discharge during the Holocene, which they consider as the proxy of EASM precipitation in South China. They argued that their result inferred from δ 18 O sw is not consistent with δ 18 O c records of stalagmites in South China that implied the early Holocene EASM precipitation maximum. Thus, they suggested that it is not appropriate to explain orbital-scale changes in stalagmite δ 18 O c in South China during the Holocene by changes in the EASM precipitation amount, but more appropriate to explain the changes by other factors such as changes in the moisture source (Kubota et al. 2015) .
The provenance of sediment as well as paleoenvironmental changes on the inner shelf of the ECS have been well studied (Zheng et al. 2010; Wang et al. 2014; Liu et al. 2014; Yang et al. 2015; Bi et al. 2017; Fang et al. 2018; Liu et al. 2018) . In this study, we conducted provenance discrimination using the electron spin resonance (ESR) signal intensity and crystallinity index (CI) of quartz, which has been successfully applied to modern surface samples to trace eolian dusts from various deserts in western China (Sun et al. , 2013 , to core sediment recovered from the Japan Sea to trace dust provenance changes in association with the southward-northward shifts of the Westerly Jet (WJ) (Nagashima et al. , 2011 (Nagashima et al. , 2012 (Nagashima et al. , 2013 and to characterize suspended particulate matter (SPM) collected from various segments of the Yangtze River drainage (Saito et al. 2017) . Saito et al. (2017) established a new method to evaluate relative contribution of sediment discharge from different parts of the Yangtze drainage basin based on the provenance of quartz in the fine silt fraction (4-16 μm) of riverbed sediments collected from all the major tributaries of the Yangtze River using ESR signal intensity and CI of quartz as a provenance tracer. They concluded that the changes in provenance of the fine silt fraction of detrital material are caused by changes in the high-precipitation area between the upper reaches and the middle-lower reaches (Saito et al. 2017 ). The Yangtze River drainage basin occupies the major part of South China in the middle of the present EASM region. The annual precipitation ranges from 500 mm in the west to 2500 mm in the east, and greater than 60% of the annual precipitation is concentrated during summer (June, July, and August) . Because SPM constitutes more than 95% of the sediment load discharged from the Yangtze River (Chen et al. 2001) , and a strong positive relationship (R 2 = 0.81) exists between sediment load and fresh water discharge (Xu et al. 2010) , fresh water discharge of the Yangtze River could reflect precipitation amounts in the drainage (Chen et al. 2014) . Consequently discharge of SPM from the Yangtze River could reflect precipitation amounts in the drainage. Based on these observations, changes in the SPM provenance reflect changes in the distribution of highprecipitation areas (Saito et al. 2017) . The SPM discharged from the Yangtze River, whose grain size is dominantly a fine silt size, is distributed on the inner shelf of the ECS extending southwestward from the Yangtze River estuary along the southeastern coast of South China, forming mud belts (Qin 1979; Qin et al. 1987; Liu et al. 2007 ). Based on this reasoning, we applied the provenance discrimination method of Saito et al. (2017) to the MD06-3040 core retrieved from the mud belt on the inner shelf of the ECS to reconstruct spatiotemporal variations in the EASM precipitation area within the Yangtze River drainage during the middle and late Holocene by examining provenance changes of fine detrital quartz (4-16 μm) derived from the Yangtze River.
Regional setting
The inner shelf of the ECS is of primary importance owing to the massive inputs of terrestrial materials from the Yangtze River, among the largest rivers in the world in terms of sediment load and freshwater discharge (Milliman and Meade 1983; Milliman et al. 1985; Milliman and Syvitski 1992) , and its complex oceanic circulation on the shallow (< 130 m) and broad (500 km) shelf (Qin 1979; Qin et al. 1987) . Although annual sediment load decreased from 0.48 × 10 9 t/year during the 1960s to 0.34 × 10 9 t/year during the 1990s due to dam construction and water consumption, the Yangtze River remains the predominant sediment supplier to the delta and coastal areas (Milliman and Meade 1983; Milliman et al. 1985; Milliman and Syvitski 1992) . In contrast, sediment contribution from the Qiantang, Min, Ou, and Jiao rivers to the coastal areas is only 0.007 × 10 9 , 0.006 × 10 9 , 0,003 × 10 9 , and 0.001 × 10 9 t/year, respectively (Deng et al. 2006) . Two major types of sediments have been recognized as Yangtze-River-derived sediments on the inner shelf of the ECS system: mud-dominated sediments and the relict sandy sediments deposited during the Late Pleistocene low-sea-level stands (Qin 1979; Qin et al. 1987) . The mud-dominated sediments predominantly discharged from the Yangtze River as SPM were mainly carried by the Zhejiang-Fujian Coastal Current (ZFCC) flowing south to southwestward along the Chinese coast, forming the mud belt on the inner shelf of the ECS. The warm and saline Taiwan Warm Current (TWC), which partly originates as an offshoot of the Kuroshio Current, flows northeastward between the 50 and 100 m isobaths of the ECS and intrudes into the submerged river valley off the Yangtze River mouth. The warm and saline Kuroshio Current (KC) enters the ECS along the eastern coast of Taiwan and the mainstream flows northeast along 200 m isobaths ( Fig. 1) (Yang et al. 1992; Chen et al. 1994; Chang and Isobe 2003; Liu et al. 2007; Wang et al. 2014) .
According to previous stratigraphic and seismic profiling studies (Liu et al. , 2007 Liu et al. 2014; Wang et al. 2014) , the depositional sequence in the tidedominated Yangtze delta and mud belt areas is composed of a post-glacial transgressive surface (TS) and transgressive systems tract (TST) that are overlain by the subsequent highstand systems tract (HST) with the maximum flooding surface (MFS) at its base (Liu et al. 2007 ).
Methods

Materials
The MD06-3040 core was recovered from the central mud belt off the Zhejiang-Fujian coast on the inner shelf of the ECS (27°43.36′ N, 121°46.88′ E) at a water depth of 47 m during the IMAGES MD155-Marco Polo cruise II by R/V Marion Dufresne in 2006 ). The division of lithostratigraphic units of the MD06-3040 core is described in Wang et al. (2014) . Stratigraphic correlation between the two neighboring cores MD06-3039 (27°43.36′ N, 121°46.91′ E) and MD06-3040 was conducted based on visual pattern matching and cross-correlation of the magnetic susceptibility profiles, which enabled us to project the age-controlling datums of the MD06-3039 core to the MD06-3040 core . Using this common stratigraphic framework established between the MD06-3039 and MD06-3040 cores, the age model for MD06-3040 core was constructed using nine AMS 14 C dates of bivalve shells, five shell samples obtained from MD06-3039 core, and four from the MD06-3040 core . To increase the precision of the age model, an additional four well-preserved shells from the MD06-3040 core were analyzed at Paleo-Labo Co., Ltd., to revise the previous age model ( Kajita et al. 2018 ). All AMS 14 C dates were converted to calendar years using the Oxcal v 4.2.4 software (Ramsey and Lee 2013) with the Marine 13 dataset (Reimer et al. 2013) , which includes a constant average global reservoir age of 400 years (Kajita et al. 2018 , Table 1 ).
One-hundred and thirty samples at a stratigraphic interval of 4 cm (sometimes 8 or 16 cm due to sample deficiency) from the MD06-3040 core were analyzed for the ESR signal intensity and CI of quartz in the fine silt fraction to reconstruct provenance changes of the SPM discharged from the Yangtze River at a 40-year interval on average. The analyzed samples include 84 samples analyzed by Wang et al. (2014) , who used the ESR signal intensity and CI of quartz to distinguish between Yangtze-derived sediment and sediments derived from other local rivers. The remaining 86 samples are newly analyzed in this work.
ESR signal intensity analysis
The ESR signal intensity of the E 1 ′ center in the quartz reflects the number of unpaired electrons accompanied by oxygen vacancies (Feigl et al. 1974; Toyoda and Ikeda 1991; Toyoda and Naruse 2002) . As oxygen vacancies are formed mainly by α, β, or γ rays emitted by natural radiation of radioactive elements contained in the host rock, the ESR signal intensity increases with an increase in the age of the host rock (Toyoda and Naruse 2002) . The ESR signal intensity of the bulk sample was normalized by the weight percent of quartz in the sample to obtain the ESR signal intensity of the quartz per unit weight, whose unit is 1.3 × 10 15 spins/g (Toyoda and Hattori 2000) .
Prior to ESR signal intensity measurement, a pretreatment sequence for the sample is necessary to concentrate quartz grains and remove elements such as Mn that interfere with E 1 ′ center signal. Details of the chemical pretreatment procedure are described in Wang et al. (2014) . Following these pretreatments, samples were separated into a clay fraction (< 4 μm), fine silt fraction (4-16 μm), and coarse silt fraction (16-63 μm) using a settling method based on Stokes law; the latter two fractions were used in this study. Prior to the ESR signal intensity measurements, 2 g of pretreated samples was irradiated with γ-radiation (a total dose of 2.5 kGy) using a 60 Co source at the Takasaki Advanced Radiation Research Institute, National Institutes for Quantum and Radiological Science and Technology, Takasaki, Japan, following the method of Toyoda and Hattori (2000) . After irradiation, approximately 1 g of pretreated samples was heated at 300°C for 15 min to convert the oxygen vacancies of quartz to E 1 ′ centers (Toyoda and Ikeda 1991) . The ESR signal intensity measurements were conducted using a JEOL JES-FA100ESR spectrometer at the University of Tokyo at room temperature under 0.01 mW of microwave power, 0.1 mT of magnetic field modulation (100 kHz), 5 mT of scan range, 2 min of scan time, and a time constant of 0.03 s . The reproducibility of the ESR signal intensity was ± 1.0 spin unit.
X-ray powder diffraction analysis
The CI of quartz was originally defined by Murata and Norman (1976) on the basis of the degree of resolution of the d (212) reflection of quartz at 1.3820 Å on the Xray diffraction (XRD) profile. The CI of quartz reflects physical conditions during quartz formation and is typically the highest for quartz formed under high temperatures and/or formed at a slow crystallization rate. In this study, measurement of the CI of quartz was conducted using a PANalytical X'Pert PRO X-ray diffractometer at the University of Tokyo with a CuK α beam generated at a voltage of 45 kV and a current of 40 mA with a divergence slit 1.52 mm in width and an anti-scatter slit 3 mm in width. The CI values were calculated as the degree of the quartz peak split at 67.74°2θ, based on the definition of Murata and Norman (1976) . The CI of quartz was also used to constrain the provenance of quartz. The reproducibility of the CI for five repeated XRD measurements was ± 0.25.
The quartz content (QC) was determined using the internal standard method (Klug and Alexander 1974) with silicon (Wako Co., Ltd.) as an internal standard. Measurement for QC was also conducted using the PANalytical X'Pert PRO X-ray diffractometer at the University of Tokyo with a CuK α beam generated at a voltage of 45 kV and a current of 40 mA with a divergence slit1.52 mm in width and an anti-scatter slit 3 mm in width. The QC was calculated by the ratio of the quartz peak height at 20.9°2θ and silicon peak height at 27.9°2θ measured on the XRD profile; the peak height ratio between the quartz and silicon was translated to the QC in weight percent using a predetermined calibration equation. The quartz peak height was corrected for the effect of crystallinity based on the method of Isozaki (2009) . The reproducibility of the QC was ± 3%.
According to our previous study, the fine silt fraction (4-16 μm) of the detrital sediment is considered as mainly representing SPM (Saito et al. 2017) whereas the coarse silt fraction (16-63 μm) represents suspension particles under high water discharge and/or saltation particles transported by bottom currents (Wang et al. 2011) . The grain size distribution of the MD06-3040 core sediments showed a modal size of the major grain size population at 4-8 μm and modal sizes of minor grain size populations at 0.8-4 μm and 16-22 μm (Fig. 2) . The fine silt fraction (4-16 μm) of the MD06-3040 core sediments, and its proportion during the period 6-0 kyr BP, is 64.5% on average except for the coarse silt to sandy sediment at a depth interval of 2.7-2.9 m (1.1-1.2 kyr BP), enabling representation of the SPM from the Yangtze River. Therefore, our provenance study mainly focuses on quartz in the fine silt fraction (4-16 μm).
Results
Temporal changes in the ESR signal intensity of quartz in the fine silt fraction (4-16 μm) and coarse silt fractions (16-63 μm)
The red curve in Fig. 3a shows the temporal changes in the ESR signal intensity of quartz in the fine silt fraction (4-16 μm) of the MD06-3040 core samples during the last 10 kyrs, which ranges between 3.5 and 24.0 with an average of 8.9 and a standard deviation of 3.2. From 10 to 6.0 kyr BP, the ESR signal intensity is high and highly variable, ranging between 3.8 and 23.7 with an average of 12.3 and a large standard deviation of 5.0. From 6.0 to 4.1 kyr BP, the ESR signal intensity remains relatively high ranging from 7.3 to 24.0 with an average of 10.8 and a moderate standard deviation of 3.2. During this interval, the ESR signal intensity rapidly decreased to 7.3 at 5.8 kyr BP, then gradually increases to ca. 15 at 4.5 kyr BP, and then decreased again to 4.6 at 4.1 kyr BP. From 4.1 to 3.5 kyr BP, the ESR signal intensity slightly increases and remains relatively low between 4.6 and 12.1 with an average of 7.9 and a small standard deviation of 1.9. From 3.5 to 2.0 kyr BP, the ESR signal intensity is low, ranging from 3.5 to 12.6 with an average of 6.0 and a small standard deviation of 1.9. The ESR signal intensity rapidly decreases to 4.1 at 3.5 kyr BP and then gradually increases to 5.6 at 2.0 kyr BP. From 2.0 kyr BP to the present, the ESR signal intensity slightly increases, ranging from 12.1 to 5.4 with an average of 8.4 and a small standard deviation of 1.6. It shows a higher value of 9.8 at 1.5 kyr BP and lower values of less than 6.0 at 0.6 and 0.3 kyr BP.
The blue curve in Fig. 3a shows temporal changes in the ESR signal intensity in the coarse silt fraction (16-63 μm) during the last 10 kyrs, which varies between 3.0 and 13.4 with an average of 6.8 and a standard deviation of 2.1. From 10 to 6.0 kyr BP, the ESR signal intensity is more or less constant ranging from 5.9 to 10.2 with an average of 7.4 and a small standard deviation of 1.5. From 6.0 to 4.1 kyr BP, the ESR signal intensity ranges from 3.0 to 10.0 with an average of 5.8 and a standard deviation of 1.8. During this interval, the ESR signal intensity continues to be constant until 4.4 kyr BP. From 4.1 to 3.5 kyr BP, the ESR signal intensity ranges from 3.3 to 9.8 with an average of 7.0 and a standard deviation of 1.6. During this interval, it rapidly decreases to 3.3 at 4.1 kyr BP and then gradually increases to 8.1 at 3.5 kyr BP. From 3.5 to 2.0 kyr BP, the ESR signal intensity ranges from 3.9 to 11.2 with an average of 6.1 and a small standard deviation of 1.5. During this interval, it rapidly decreases to 5.0 at 3.3 kyr BP and remains stable at approximately 7.0 until 2.0 kyr BP. From 1.5 to 0 kyr BP, the ESR signal intensity ranges from 3.1 to 13.4 with an average of 7.3 and a standard deviation of 2.5, decreases to its lowest value of 3.1 at 1.5 kyr BP, and then gradually increases to 13.4 at 0.15 kyr BP. When the ESR signal intensity in the fine silt and coarse silt fractions are compared, the former is higher and more variable than that of the latter from 10 to 4.1 kyr BP, while both are similar from 4.1 to 2.0 kyr BP. The ESR signal intensity in the fine silt fraction becomes higher than that in the coarse silt fraction again from 1.8 to 0.9 kyr BP, while both are similar again beginning at 0.9 kyr BP.
Temporal changes in the CI in the fine silt fraction (4-16 μm) and coarse silt fractions (16-63 μm)
The red curve in Fig. 3b shows the temporal changes in the CI of quartz in the fine silt fraction (4-16 μm) of the MD06-3040 core samples during the last 10 kyrs. During this interval, it varies between 7.7 and 9.0 with an average of 8.5 and a standard deviation of 0.3. From 10 to 6.0 kyr BP, the CI of quartz in the fine silt fraction is more or less constant between 7.7 and 8.8 with an average of 8.2 and a standard deviation of 0.3. It slightly increases, but remains more or less constant, between 8.0 and 9.0 with an average of 8.5 and a smaller standard deviation of 0.2 from 6.0 to 0 kyr BP.
The blue curve in Fig. 3b shows the CI of quartz in the coarse silt fraction (16-63 μm) that ranges between 7.0 and 8.7 with an average of 8.0 and a standard deviation of 0.32 during the last 10 kyrs. The CI of quartz in the coarse silt fraction is more or less constant between 8.3 and 7.7 with an average of 8.0 and a standard deviation of 0.2 from 10 to 6.0 kyr BP and ranges between 7.0 and 8.7 with an average of 8.1 and a standard deviation of 0.3 from 6.0 to 2.0 kyr BP. The CI of quartz in the coarse silt fraction ranges between 7.0 and 8.5 with an average of 7.8 and a relatively large standard deviation of 0.5 from 2.0 to 1.2 kyr BP and is relatively variable between 7.3 and 8.6 with an average of 7.9 and a standard deviation of 0.3 from 1.2 to 0 kyr BP.
The CI of quartz in the coarse silt fraction shows values similar to those in the fine silt fraction from 10 to 6.0 kyr BP. The CI of quartz in the coarse silt fraction is greater than that in the fine silt fraction and CI of the two fractions shows an opposite variation trend from 6.0 to 0 kyr BP at a millennial time scale. Compared to the temporal changes in the ESR signal intensity of quartz, the temporal variation patterns of the CI of quartz in the two fractions does not show obvious changes at 4.1 and 3.5 kyr BP. The CI of quartz in the coarse silt fraction shows a sudden decrease at 2.0 kyr BP that lasts until 1.2 kyr BP.
When the CI of quartz in the fine silt fraction and that in the coarse silt fraction are compared, both vary from 10.0 to 6.0 kyr BP; the former is relatively stable compared to the latter from 6.0 kyr BP to the present. The CI of quartz in the fine silt fraction maintains a higher value than that in the coarse silt fraction from 10.0 to 0 kyr BP.
Temporal changes in the QC in the fine silt fraction (4-16 μm) and coarse silt fractions (16-63 μm)
The red curve in Fig. 3c shows the temporal changes in the QC in the fine silt fraction which varies between 0.2 and 0.6 with an average of 0.4 and a standard deviation of 0.08 with a slight decreasing trend from 10 to 3.5 kyr BP. It suddenly increases from 0.3 at 3.5 kyr BP to 0.6 at 2.9 kyr BP, and then maintains a more or less constant value between 0.4 and 0.7 with an average of 0.5 and a standard deviation of 0.1 from 3.5 to 0 kyr BP.
The blue curve in Fig. 3c shows the temporal changes in the QC in the coarse silt fraction which varies between 0.3 and 0.8 with an average of 0.5 and a standard deviation of 0.1 over the last 10 kyrs. The QC in the coarse silt fraction varies between 0.3 and 0.6 with an average of 0.5 and a standard deviation of 0.1 from 10 to 6.0 kyr BP, and then varies between 0.4 and 0.6 with an average of 0.5 and a standard deviation of 0.06 from 6.0 to 3.5 kyr BP. The QC in the coarse silt fraction increases to 0.7 at 3.3 kyr BP, and then varies between 0.1 and 0.8 with an average of 0.6 and a standard deviation of 0.1 from 3.5 to 0 kyr BP.
The QC in both the fine silt and coarse silt fractions show similar temporal trends; the QC in the coarse silt fraction is slightly larger than that that in fine silt fraction from 10.0 to 0.6 kyr BP.
Recognition of each interval and relationship with the lithostratigraphic unit
Based on the temporal variation patterns in ESR signal intensity, the CI and QC for both fine and coarse silt fractions, as previously described, were divided into the five intervals that are supposed to reflect changes in provenance. Namely, interval 1 (from 10 to 6.0 kyr BP) is characterized by a high ESR signal intensity, moderate quartz CI, and variable QC in both fractions. Following interval 1, the ESR signal intensity and QC in both fractions become moderately variable, and the CI of quartz in the fine silt fraction remains constant. Interval 2 (from 6.0 to 4.1 kyr BP) is characterized by a relatively high and moderately variable ESR signal intensity of Wang et al. Progress in Earth and Planetary Science (2020) Interval 4 (from 3.5 to 2.0 kyr BP) is characterized by a similar low ESR signal intensity of quartz with low variability, a moderate and variable CI, and an increasingly high QC with high variability in both fractions. Interval 5 (from 2.0 to 0 kyr BP) is characterized by a low to moderate ESR signal intensity of quartz with a low variability in the fine silt fraction, a low to moderate ESR signal intensity of quartz with high variability in the coarse silt fraction, a moderate and more or less constant CI in the fine silt fraction and a variable CI in the coarse silt fraction, and a high QC in both fractions. The sedimentary facies and lithostratigraphic unit division of the MD06-3040 core have been reported by Wang et al. (2014) . Three lithostratigraphic units were defined as follows: unit 1 (19.3-18.3 m depth, 10.5-9.6 kyr BP) consisting of dark gray, moderately sorted coarse silt interbedded with 1.5-2.0-cm layers of coarse sand rich in bivalve shell fragments; unit 2, (18.3-15.86 m depth, 9.6-7.5 kyr BP), consisting of dark gray medium silt interbedded with a few thin layers of fine sand showing ripples with rare bioturbation; and unit 3 (15.86-0 m depth, 7.5 kyr BP-present), dominated by yellow to olive gray silty clay and fine silt. In brief, units 1 and 2 are interpreted as TST which represent a transition from the nearshore subtidal environment to the nearshore shelf environment with rare tidal influence in response to the postglacial sea-level rise. Unit 3 was interpreted as possibly an HST .
Interval 1 corresponds to lithostratigraphic unit 2 in addition to the basal part of unit 3, which is equivalent to a TST. Intervals 2 to 5 correspond to lithostratigraphic unit 3, which is composed of mud deposits characteristic of the mud belt and represents a HST, whose deposition began when the contribution of fine-grained SPM derived from the Yangtze River became significant with rare tidal influence at 6 kyr BP ).
Discussion
Temporal changes in the provenance of fine detrital quartz in the MD06-3040 core sediments
The EASM is characterized by a seasonal northwestward migration of its precipitation front, of which the timing and extent is controlled by migration of the WJ axis (Sampe and Xie 2010) . Such migration of the main precipitation area would also have occurred at longer time scales (Tada et al. 2016) . The ESR signal intensity and CI of quartz have been used to estimate the mixing ratios of the fine silt fraction of sediments from the different tributaries in the Yangtze drainage (Saito et al. 2017) . Saito et al. (2017) suggested that if migration of the main precipitation area occurred within the Yangtze River drainage, it would have been manifested as changes in the provenance of SPM discharged from the Yangtze River. If correct, the centennial-to-millennialscale variations in the main position of the EASM precipitation front could have been recorded as changes in the provenance of the fine-silt-sized sediment corresponding to SPM discharged from the Yangtze River. Saito et al. (2017) subdivided the entire drainage of the Yangtze River into the upper Jinshajiang, western tributaries, northeastern tributaries, and southeastern tributaries, respectively, based on the ESR signal intensity and CI of quartz of the fine silt fraction in each tributary (Fig. 4) . The result enables discrimination of the sediment contributions from the upper-middle reaches (northwestern part of the drainage) versus the lower reaches (southeastern part of the drainage) of the Yangtze River drainage.
The Yangtze River annually delivers a huge SPM load into its estuarine system and the ECS, resulting in a great impact on sedimentation in the inner shelf of the ECS, particularly in the mud belt during the Holocene (Liu et al. , 2007 Zheng et al. 2010; Wang et al. 2014; Liu et al. 2014; Yang et al. 2015; Bi et al. 2017; Liu et al. 2018) . Therefore, the inner shelf sediments deposited as the mud belt are the most appropriate sediments to study the provenance changes of SPM delivered via the Yangtze River.
The proportion of clay, fine silt, and coarse silt fraction in the bulk samples of the MD06-3040 core during the period 6.0-0 kyr on average is 17.3%, 64.5%, and 18.1%, respectively. The geochemical compositions and clay mineral assemblages of MD06-3040 core sediments suggests that most of the terrigenous sediments originated from the Yangtze River (Zheng et al. 2010; Yang et al. 2015; Bi et al. 2017) , with minor contribution from Taiwan island during the entire Holocene (Fang et al. 2018 ). However, sediments deposited at the MD06-3040 site during the period from 7.5 to 6 kyr BP occasionally show quasi-bimodal grain size distributions, which is similar to that of typical modern sediments from the inner margin of the mud belt ). This quasi-bimodal grain size distribution of MD06-3040 core sediments can be explained by occasional contribution of coarse silt to sand sediments supplied from local rivers such as the Qiantang, Min, and Ou rivers. The ESR signal intensity and the CI of quartz in the coarse silt fraction (16-63 μm) of the MD06-3040 core sediments also suggest potential contributions from these local rivers . Because the MD06-3040 core, in which fine silt is the relatively dominant faction derived from the Yangtze River with lesser impacts from local rivers and Taiwan island, is the longest continuous piston core collected from the central mud belt representing extensive sediment succession thus far, we examined the provenance changes in the fine silt fraction of the MD06-3040 core sediments to reconstruct spatiotemporal variability in the EASM precipitation area (EASM front) within the Yangtze River drainage. Figure 5 shows a comparison of the ESR signal intensity and CI of quartz in the fine silt fraction of MD06-3040 core sediments in intervals 2 to 5 to those of the four major source areas in the modern Yangtze River drainage shown in Fig. 4 . On the ESR signal intensity versus CI diagram, most of the fine silt fraction samples from the MD06-3040 core plotted within the area of the fine silt fraction of riverbed sediments from the entire Yangtze River drainage, suggesting that they can be explained by mixing of the sediments from the four major source areas in the modern Yangtze River drainage classified by Saito et al. (2017) . Notably, this result is consistent with the idea that the Yangtze River has been a predominant source of fine-silt-sized sediments on the inner shelf of ECS over the last 6 kyrs (Zheng et al. 2010; Wang et al. 2014; Yang et al. 2015; Fang et al. 2018) .
Regarding provenance changes, most of the samples from interval 2 (from 6.0 to 4.1 yr BP, Fig. 5a ) are plotted within or in between the areas of the southeastern tributaries, northeastern tributaries, and upper Jinshajiang ( Fig. 5a ), within an ESR signal intensity range of 7-24 and CI range of 8.0-8.9. The exception is one sample characterized by a relatively high ESR signal intensity and low CI, which possibly originated from local sources such as the Qintang and Ou rivers ). Thus, we infer that the quartz in the fine silt fraction (4-16 μm) of the sediments deposited during this interval is a mixture of quartz derived from the southeastern and northeastern tributaries of the Yangtze River and the upper Jinshajiang with a possible rare contribution from the Qiantang and/or Ou rivers. Fang et al. (2018) examined the clay mineralogy of the MD06-3040 core and tentatively concluded that kaolinite content (%) represented the contribution of the Fujian-derived source, illite content (%) was a contribution from the Taiwanese source, and the contribution from the Yangtze River was the sum of its smectite proportion (%) and illite content (%). They also suggested that most fine-grained (< 2 μm) terrigenous sediments originated from the Yangtze River, with a minor contribution from Taiwan island and the nearby Zhejiang and Fujian provinces during the entire Holocene (Fang et al. 2018 ). However, using clay mineral analyses of sediments from the MZ02 core retrieved from the mud belt area of the inner ECS, Liu et al. (2014) suggested that the increased strength of the TWC might have played an important role in sediment dispersal and deposition on the inner shelf of the ECS during the period 6.2-2.4 kyr BP, with a dominance of greater than 60% of the sediments transported from Taiwanese rivers ). However, our result suggested that the fine silt faction was derived from the southeastern and northeastern tributaries of the Yangtze River and the upper Jinshajiang with a possible rare contribution from the local Qiantang and/or Ou rivers during the period 6.0-4.2 kyr BP. We insist that different grain sizes might show different results despite the same original source due to hydrodynamic sorting and preferential mineral alteration (Clift et al. 2015) . The previous provenance studies focused on the clay-sized (< 2 μm) fraction; we used the fine silt fraction (4-16 μm) which is the predominate fraction of SPM discharged from the Yangtze River and deposited at the MD06-3040 site.
The fine silt fractions of samples from interval 3 (from 4.1 to 3.5 kyr BP, Fig. 5b ) fall mainly within the area of the northeastern tributaries with a relatively narrow ESR signal intensity range of 4-10 and CI range of 8.1-8.9. We interpret that the quartz in the fine silt fraction of the sediments deposited during this interval is mostly derived from the northeastern tributaries of the Yangtze River.
Most of samples from interval 4 (from 3.5 to 2.0 kyr BP, Fig. 5c ) fall within the areas of the western and northeastern tributaries within an ESR signal intensity range of 5-13 and CI range of 7.8-8.8. The exceptions are two samples, one at 2.4 kyr BP and the other at 3.4 kyr BP, which fall near the southeastern tributaries. Thus, we interpret that the quartz in the fine silt fraction of the sediments deposited during this interval is mainly derived from the western and northeastern tributaries of the Yangtze River.
Most of samples from interval 5 (from 2.0 to 0 kyr BP, Fig. 5d ) fall within the area of the northeastern tributaries within am ESR signal intensity range of 5-14 and a CI range of 8.2-9.0. Some samples fall within the area of the upper Jinshajiang, suggesting potential contribution from this area. We interpret that the quartz in the fine silt fraction of the sediments deposited during this interval is mainly derived from the northeastern tributaries of the Yangtze River with a contribution from the upper Jinshajiang. Hydrological data of a past 30-year time scale were collected from the upper, middle, and lower Yangtze River (Chen et al. 2001) to examine the temporal and spatial distribution of discharge and sediment load in the Yangtze drainage. Sediment load in the upper and middle Yangtze had been decreasing along with the decreasing water discharge, which is possibly due to water diversion for intensive agriculture (Chen et al. 2001) . Gao et al. (2019) analyzed the siltation and erosion state of the estuary-shelf depositional systems by combining the spatial distribution of deposition rates, types of vertical distribution profiles of 210 Pb activity, and distribution of grain size composition in surficial sediments and discussed the response intensity and timing of the depositional system in the Yangtze subaqueous delta and mud belt area. Their results showed that the abrupt reduction in the sediment discharge to the estuary disturbed the equilibrium among the estuarine, coastal, and shelf depositional systems following operation of the Three Gorges Dam in 2003, modifying the siltation-erosion balance and seabed sediment types (Gao et al. 2019) . Regarding the Yangtze River-ECS source-to-sink system, human impact during the late Holocene, particularly recent decades, is of considerable importance.
Changes in the heavy precipitation area within the Yangtze River drainage during the last 6 kyrs
As mentioned in the introduction, SPM constitutes greater than 95% of the sediment load discharged from the Yangtze River (Chen et al. 2001) , and a strong positive relationship (R 2 = 0.81) exists between the sediment load and fresh water discharge (Xu et al. 2010) , while fresh water discharge of the Yangtze River could reflect precipitation amounts in the drainage (Chen et al. 2014) . Thus, discharge of SPM from the Yangtze River should reflect precipitation amounts in the drainage. Based on this, we hypothesized that changes in the SPM provenance reflect changes in the distribution of highprecipitation areas. Based on temporal changes in the ESR signal intensity in the MD06-3040 core, we interpret that the ESR signal intensity increase during the period 6.0-4.1 kyr BP suggests retreat of the EASM precipitation front southeast in the Yangtze drainage (a weak EASM). In contrast, the ESR signal intensity decrease during the period 3.5-2.0 kyr BP suggests penetration of the EASM precipitation front northwestward (an enhanced EASM). The slight increase in the ESR signal intensity during the period 2.0-0 kyr BP suggests retreat of the EASM precipitation front toward the southeast in the Yangtze drainage again. EASM precipitation variability during the Holocene has been discussed based on various reconstructions using a variety of proxies. For example, Nagashima et al. (2013) reported the relationship between spatial variations in EASM precipitation and the westerly jet (WJ) path over East Asia during the Holocene using the provenance of eolian dust in the Japan Sea sediment core D-GC-6 via ESR signal intensity and CI of quartz. The variation pattern of the eolian dust provenance manifested as changes in the ESR signal intensity of the quartz in the Japan Sea sediment core D-GC-6 ( Fig. 6b ) is similar to that of our ESR signal intensity changes in the MD06-3040 core (Fig. 6a) . Namely, migration of the WJ southward during the period 6.0-3.5 kyr BP and northwestward during the period 3.5-2.0 kyr BP inferred from changes in the eolian dust provenance in the sediments of the Japan Sea correlated well with our results of EASM precipitation front movement with the retreat of the EASM precipitation front southeastward during the period 6.0-4.1 kyr BP as well as the deepest northwestward penetration during the period 3.5-2.0 kyr BP (an enhanced EASM). This agreement argues for coupling between the WJ and EASM precipitation front at a millennial time scale. Kubota et al. (2010 Kubota et al. ( , 2015 reported changes in δ 18 O sw , an indirect indicator of SSS, calculated from the Mg/Ca and δ 18 O of the planktonic foraminifera Globigerinoides ruber in KY07-04-01 core sediments retrieved from the northern end of the ECS, which they interpreted as reflecting changes in the summer SSS due to changes in fresh water discharge from the Yangtze River that reflected changes in EASM precipitation in South China during the Holocene. Their higher δ 18 O sw peaks representing the lower Yangtze River discharge events at 6.1, 5.1 3.5, 2.1, and 0.8 kyr BP seem to correspond to our ESR signal intensity minima of the MD06-3040 core at 5.8, 5.1, 3.5, 2.0, and 0.6 kyr BP (Fig. 6c ), suggesting more contribution from the northwestern area of the Yangtze drainage during these events. This idea is further supported by stalagmite δ 18 O c values that show positive peaks during these periods suggesting lower EASM precipitation in South China Hu et al. 2008 , Fig. 6d,  e ). Furthermore, EASM precipitation front movement in the Yangtze River drainage was inferred from the ESR signal intensity of quartz in the fine silt faction of the MD06-3040 core sediments, and water discharge from the Yangtze River reconstructed by Kubota et al. (2015) synchronously changed at multi-centennial scale during the periods 6-5.1, 5.1-4.1, 4.1-3.5, 3.5-2.1, and 2.1-0.8 kyr BP (Fig. 6c ). This observation implies that northwestward penetration of the EASM front (the increase in contribution from the northwestern area of the Yangtze drainage) at a multi-centennial time scale may have caused a significant decrease in local summer precipitation and water Fig. 6 Comparison of temporal change patterns in between several EASM proxies. a ESR signal intensity in the fine silt fraction (4-16 μm) of MD06-3040 core sediments (this study). b ESR signal intensity in the fine silt fraction (4-20 μm) of D-GC-6 core sediments (Nagashima et al. 2013) . c δ 18 O sw , an indicator of the sea surface salinity (SSS), at the KY07-04-01 site in the northern ECS during the Holocene based on paired analyses of Mg/Ca and δ 18 O of planktonic foraminifera (Kubota et al. 2010 (Kubota et al. , 2015 , where the black thin line represents the 3-point moving average. d δ 18 O record of a stalagmite from Heshang Cave (Hu et al. 2008 ). e δ 18 O record of a stalagmite from Dongge Cave D4 discharge from the southeastern Yangtze River drainage that exceeded the increase in the water discharge from the northwestern Yangtze River drainage. Based on geological evidence including lake levels, pollen assemblages, and magnetic susceptibility of a loesspaleosol sequence together with numerical modeling results, An et al. (2000) summarized the spatiotemporal distribution of summer monsoon precipitation during the Holocene and proposed an "asynchronous Holocene optimum" hypothesis assuming a stepwise latitudinal shift of the maximum precipitation from northwestern China during the early Holocene to southeastern China during the late Holocene in response to progressively decreased summer insolation. This interpretation is different from our results of the ESR signal intensity of the MD06-3040 core, suggesting higher summer precipitation in the southeastern part of the Yangtze River drainage during the period 6.0-4.1 kyr BP. Previous studies may have been unable to obtain similar results because they were subject to uncertainties in the age model, an asynchronous response pattern from a number of different proxies and poor spatial coverage, particularly in the broad Yangtze drainage.
However, our ESR signal intensity results from the MD06-3040 core suggest that southeastward retreat of the precipitation front (a weaker EASM) and higher summer precipitation in the southeastern Yangtze River drainage during the period 6.0-4.1 kyr BP is attributable to weaker EASM convection (Zhou et al. 2009 ) rather than enhanced EASM intensity as advocated by previous works. Based on numerical meta-analysis of 92 proxy records (72 sites) of moisture and/or temperature changes in monsoonal central Asia, the maximum moisture levels in southeastern China occurred with a southeast-northwest moisture gradient during the period 6-4 kyr BP . High pollen percentages of evergreen Quercus and Castanopsis as well as extremely low percentages of coniferous taxa suggested extensive growth of warm-temperate evergreen broadleaf forests supporting the prevalence of a wet climate in southeastern China during the middle Holocene ). Sedimentological and geochemical results of the core recovered from the Hangbu delta plain of Chaohu Lake in the lower reaches of the Yangtze drainage suggested a lake expansion from 7.4 to 4.3 kyr BP (Shi 2006) . These previous studies are consistent with our interpretation that southeastward retreat of the precipitation front (a weaker EASM) and higher summer precipitation in the southeastern Yangtze River drainage occurred during the period 6.0-4.1 kyr BP. Lake shrinkage occurred with a cold and dry sub-stage in the lower reaches of the Yangtze River drainage during the period 4.3-2.7 kyr BP (Shi 2006) , while flood events in the upper reach of the Hanjiang River occurred during the periods 4.3-3.8 and 3.6-3.0 kyr BP (Tan et al. 2018) , and frequent abrupt flood events occurred in the upper Yangtze drainage during the period 4.0-3.6 kyr BP (Jia et al. 2017) . These results are also consistent with our interpretation of northwestward penetration of the EASM precipitation front during the period 4.1-2.0 kyr BP.
Conclusion
We examined temporal changes in the provenance of detrital quartz in the fine silt fraction of sediments from the MD06-3040 core retrieved from the mud belt on the inner shelf of the ECS, which are considered as representing the SPM derived from the Yangtze River. We used the ESR signal intensity and CI of quartz in the fine silt fraction as provenance tracers to monitor shifts in the main location of EASM precipitation (EASM front) within the Yangtze River drainage. Our results suggest northwest-southeast oscillations of the EASM precipitation front with the deepest northwestward penetration (an enhanced EASM) during the period 3.5-2.0 kyr BP and a southeastward retreat (a weak EASM) during the periods 6.0-4.1 and 2.0-0 kyr BP. This interpretation does not agree with the prevailing view based on stalagmite δ 18 O c in southeastern China, suggesting an early Holocene EASM maximum and gradual decrease in EASM intensity thereafter (Wang et al. , 2005 . Higher summer precipitation occurred in the southeastern Yangtze River drainage during the periods 6.0-4.1 kyr BP and 2.0-0 kyr BP due to weaker EASM convection and consequent southeastward retreat of the precipitation front rather than an enhanced EASM intensity, which is consistent with the high precipitation and abrupt climatic events in the lower Yangtze drainage and southeastern China. 
